Abstract. Large scale first principles periodic calculations based on the density functional theory within the localized atomic orbital approach (DFT-LCAO) using the hybrid exchangecorrelation potential B3PW have been performed in order to study the structural and electronic properties of radiation-induced Frenkel pairs O i +V O in corundum crystal. As an initial approach, we have used conventional 221 supercell for defective α-Al2O3 lattice containing 120 atoms. After relaxation of the ideal supercell structure, the optimized dO i-V O distance has been found to be ~4.5 Å while the formation energy of Frenkel pair has achieved 11.7 eV. The interstitial Oi atom, both single and a component of Oi+VO pair, spontaneously forms a dumbbell with the adjacent atom in the regular oxygen sublattice (dO i -O = 1.404 Å) with the induced charge -1.1 e. On the whole, possibilities of supercell model for proper description of Frenkel pairs with changing inter-defect distance and space orientation inside corundum crystal are rather limited. This is why the alternative cluster model must be developed for this aim.
Introduction
Corundum (α-Al2O3) is important radiation-resistant material with potential applications for components of diagnostics, breeder blanket and in future fusion reactors as coating to avoid the light gases permeation, as well as corrosion produced by lithium-based alloys [1] . Induced changes in structural and optical properties of radiation-exposed α-Al2O3 crystalline materials are mainly associated with oxygen vacancies VO and complementary Frenkel pairs of defects (Oi+VO) [2] . Despite technological importance of corundum crystalline structures, their fusion applications and prospects as a laser and dosimeter material, the point, e.g., electronic, defects have not yet comprehensively studied theoretically [2] . The main reasons for this are the following: the complicated atomic structure of α-Al2O3 ( Fig. 1) as well as the semi-covalent and semi-ionic chemical bonding as was experimentally observed using X-ray scattering [3] . Moreover, after formation of defect pair in perfect corundum crystal, a dramatic lowering of its initial symmetry c R3 (local space group 6 3d D ) occurs, thus, calculations of Frenkel pairs require significant computational time and resources.
Limited number of theoretical studies on point defects and Frenkel pairs in corundum is available, where empirical, semi-empirical and first-principle methods were used [2, [4] [5] [6] [7] . While there is information about some mechanisms of defect formation, recombination and clustering, the reported formation energies of oxygen vacancy in corundum vary in a wide range from 4.9 to 13.3 eV [8] [9] [10] . Interpretation of experimental data also is still discussable theme [11] .
In this study, we have consequently performed first principles calculations on (i) perfect corundum structure, (ii) that containing single point defects, such as neutral oxygen vacancy VO and interstitial oxygen atom Oi, (iii) that containing Frenkel pair Oi+VO , as well as (iv) that containing dumbbell Oi+Oreg pair in the case of α-Al2O3 structures containing either single Oi impurity (as described earlier for defective MgO bulk [12] ) or Frenkel pair. Using optimization procedure, we have determined [13] . We also discuss limits for application of periodic supercell model for adequate description of radiation defects in corundum. The paper is organized as follows: details of calculations, e.g., atomistic models of defective α-Al2O3 are discussed in Section 2, main results obtained for optimized Frenkel pairs in corundum are analyzed in Section 3, while main conclusions drawn in this study are summarized in Section 4.
Computational details
Large-scale ab initio calculations have been performed combining the linear combination of atomic orbitals (LCAO) and hybrid exchange-correlation Becke-Perdew-Wang (B3PW) functional as implemented in CRYSTAL'14 computer code [13] . Such hybrid functional allows us to perform very accurate calculations of the band gap and other properties as compared to those obtained using other hybrid functionals ( Table 1 ). The basis sets of Al and O have been selected and optimized in order to achieve reasonable compromise between the calculation accuracy and computational time. We have selected the corresponding basis sets with smaller number of Gaussian-type functions: (i) for aluminum, we have used the effective core pseudopotential (ECP) with 3s 2 3p
1 external shell as developed by Causá [14] , (ii) while for oxygen, we have applied the full basis set in the form of 6s-2111sp-1d developed by Baima et al [15] . For calculation on the formation energy of free oxygen molecule, this basis set has been extended by adding sp-function with diffuse exponents. Formation energies for various defects in α-Al2O3 have been calculated using following equations:
Within the SCF procedure, the accuracies (tolerances) 10 -7 , 10 -7 , 10 -7 , 10 -7 , 10 -14 have been chosen for calculations of Coulomb and exchange integrals [13] . Effective charges on atoms have been estimated using Mulliken population analysis [20] . The integration over Brillouin zone in the reciprocal space has been performed with a 444 Pack-Monkhorst grid. When modeling the Frenkel pairs in corundum bulk, the 221 supercell model containing 120 atoms has been chosen (Fig. 1) . All the calculations were performed with the total optimization of geometry. Obviously, the band gaps of perfect corundum, as presented in the upper part of Table 1 obtained using various hybrid DFT+HF methods, are much closer to the experimental value than those obtained within pure DFT method.
Results and analysis
Firstly, we have performed first principles calculations on single oxygen neutral point defects.
Interstitial O i atom initially introduced to the octahedral center between the two nearest oxygen triangles across α-Al2O3(0001) plane (left panel of Fig. 1 ) has been displaced towards one of the apexes shown by dashed rectangle after energy optimization, with energy gain of 3.84 eV (qualitatively analogously to displacement of O i atom from the cube-centered position in MgO unit cell estimated earlier [12] ). Initial configuration of vacancy V O has been chosen by such a way, to provide its location between the central oxygen planes of corundum supercell. Vacancy was created by fully removing O atom from crystal structure. As a result of geometry optimization, V O point defect has been displaced from its initial position too. Influence of both defects on the nearest neighbor atoms is shown in Table 2 (note that the two of four Al neighbors are located closer to the oxygen vacancy than the other two, the same is true for oxygen neighbors). Table 2 . Structural relaxation of the lattice area around arbitrary neutral defect in the Frenkel pair (Fig. 1) . For arbitrary defect, its distances (in Å) to 1NN-4NN atoms in the perfect crystal (located at the nearest and nextnearest neighboring atomic spheres) are shown first, followed by the changed distances (∆d) and changes of induced charges (q Al or q O ) after the geometry optimization. [10] , whereas in other theoretical studies, this value achieved 13.3 eV [8, 9] . Still, our result may be overestimated because of defect-defect interactions in supercell model.
For further calculations, we are going to use conventional supercell of 331 extension, where initial length of the Frenkel pair can be chosen as a more realistic value (7.07.2 Å), as also to compare results and evaluate defect-defect interaction in periodic model. As to further increase of the conventional supercell for simulation of Frenkel pairs, d OiV O , distance in which can achieve 1517 Å (as observed in experiments), it cannot be realized in principle. This is why, in order to provide further possibility to simulate a series of Frenkel pairs in corundum with consequently increasing d OiV O length, we plan to perform large-scale cluster model calculations using the NWChem code [21] . Moreover, the first-principles formalism realized in this code foresees the possibility to consider not only neutral defects as in periodic calculations but also charged and excited defects.
Conclusions
First-principle periodic calculations have been performed in order to study the structure and formation energies of point and pair-wise defects in corundum. It has been found that the interstitial oxygen atom in both absence and presence of V O in α-Al2O3 can form dumbbell H-centers like in MgO bulk [12] . Behavior of oxygen vacancy is similar in both cases: it tends to be positively charged.
In order to simulate well-separated Frenkel pairs of varying length as well as charged and excited defects, a cluster model will be used in the next studies, which also excludes artifacts caused by the periodic network of defect-defect interactions.
